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O ■ Abstract 



The Friedman-Robertson- Walker (FRW) space-time exhibits particle creation similar to 
Hawking radiation of a black hole. In this essay we show that this FRW Hawking radiation 



CJ ' leads to an effective negative pressure fluid which can drive an inflationary period of exponential 

expansion in the early Universe. Since the Hawking temperature of the FRW space-time decreases 



as the Universe expands this mechanism naturally turns off and the inflationary stage transitions 
to a power law expansion associated with an ordinary radiation dominated Universe. 
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In this essay we propose a mechanism for inflation which has a short, early exponential 
expansion phase, followed by a transition to power law expansion with an exponent of | 
as expected for a Universe dominated by ordinary radiation. The mechanism is based on 
the Hawking radiation associated with a Friedman-Robertson- Walker (FRW) space-time. 
The idea that particle creation (Hawking radiation in this case) can influence cosmological 
evolution has a long history The Hawking radiation of a space-time is closely 

connected with the thermodynamics of the space-time so we begin with the first law of 
thermodynamics, 

dQ = d{pV) + pdV . (1) 

The left hand side denotes the heat (Q) change during the cosmic time t to t + dt, p is the 
energy density, V is the volume and p is the thermodynamic pressure. Dividing ([1]) by dt, 
gives the relation between rate of changes in heat, energy and volume of the universe, 

dQ d , dV 

In standard cosmological models the Universe is taken to be a closed, adiabatic system so that 
dQ = 0. In this case the second law of thermodynamics, dQ = TdS, ensures that during this 
infinitesimal cosmic time interval entropy does not change. However, if one allows particle 
creation from the gravitational field, in an irreversible manner, the universe is an open, 
adiabatic system. Thus heat transfer is allowed and entropy production is possible. This 
idea was first proposed in 



Here we consider a specific mechanism of particle creation: the Hawking effect ^\ as 
applied to the early stages of a FRW space-time. The goal is to obtain inflation without 
having to take recourse to an inflaton field with a tuned potential. 
The homogeneous, isotropic FRW line element is 

dr'^ 



ds^ = -c^dt^ + a\t) 



+ r\de' + sm.' Odcf)') 



(3) 



1 — kr"^ 

where a{t) is the scale factor and = 0, ±1 tells one if the spatial curvature of the Universe is 
flat {k = 0), open {k = —1) or closed {k = +1). For this metric the Einstein field equations 
yield the following two, non-trivial equations for the fj, = u = and /x = u = 1,2,3 
components respectively 



where p is energy density and p pressure. 

Since the FRW universe is time-dependent, the definition of the cosmo logical event hori- 
zon is subtle. One can define the apparent horizon knowing the local properties of the 
space-time. In order to do this one can rewrite ^ in the following form |5| 



ds' = habdx^dx" + r\de' + sin^ Odcf)') 



(5) 



where, x"" = {t,r) and hab = diag(— c^, a^/(l — kr"^)) and r = a(t)r. The position of the 
apparent horizon is given by the root (f^) of the equation h°''^dafdbf = 0. This is found to 
be 

where the Hubble parameter is defined as H = ^. 

Using the above one can find the Hawking temperature of the apparent horizon 

hcK he 
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2'n'kB inks \rA 
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(7) 



where k 



j_ 

fA 



rA 



2HfA 



is the surface gravity. During an infiationary phase the Universe's 
scale factor takes the form a{t) oc exp{constant x t) so that H = ^ = constant. If the 
constant satisfies ^ c^/a^ (later we show this is the case during infiation) we have from 
(j6]) ~ = constant and ~ 0. Thus the temperature in ([7]) simplifies |6| 



T 



2lTkB 2T[kB 

In the final approximation we are again assuming ^ c^/a^ which we justify later. 



(8) 



At this point we note that the direction of radiation fiux of the Hawking radiation for 
the apparent horizon in an FRW space-time is the opposite to that of a black hole event 
horizon. For black holes, the created particles escape outside the event horizon towards 
asymptotic infinity, while for the apparent horizon of FRW space-time the created particles 
come inward from the horizon. Due to the isotropy of FRW space-time, the radiation is 
isotropic from all directions. The net result is an effective power gain in the Universe, given 
by the Stephan-Boltzman (S-B) radiation law [l^ 



P 



dQ 
dt 



aAHT\ 



(9) 
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where a = gQ^^ is the S-B constant and Ah is the area of the apparent horizon. Now 
substituting ([9]) into ([2]) and using (|8]) we obtain 

-i,V)+p- = aA„[^J . (10) 

With the curvature term ignored (i.e. k = 0) the volume and area of the Universe are 
V = Ah = Aiif\ respectively 0, Q]. Using V, Ah and ta'^c/H in (fTOj) . we obtain 



^ + 3(p + p)- = -^— j (11) 

We now rewrite f lTT]) using the first equation in and if = ^ as 

^ + 3(l + a;)- = 3u;,(t)- , (12) 
p a a 

where the equation of state for ordinary matter is taken as p = up and the time dependent 
equation of state parameter due to particle creation is denoted udt) and is given by 

coJt) = apit) and a = ^ = 4.8 x 10'^^%J/m^)-\ (13) 

45c' 

Moving the Uc{t) term in (fT2|) from the rhs to the Ihs one can see that this particle creation 
term acts like a negative pressure. For the present Universe this term is negligible. The 
present value of the energy density of the Universe is po = 8.91 x 10"^'^ J/m^ so that the 
i^c(^o) = ctpo term on the rhs of ( 1T2|) is effectively zero. Thus this effect can not explain the 
current accelerated expansion of the Universe - one still needs dark energy. However in the 
early Universe p can be large enough so that the particle creation pressure on rhs of ( !T2|) 
dominates. Remembering that Uc{t) oc p{t) we solve the first order differential equation ( 1T2|) 
to find the modified energy density 

P~ 1 + (i^)a-3(i+<.) ^ 1 + ^Jfa-^ ~ a^+^Jf' ^ > 

where D is a constant and in the last equations we have taken the equation of state of the 
ordinary matter to be u; = | (i.e. the equation of state of ordinary radiation) since we 
want the early Hawking radiation infiation phase to be followed by a Universe dominated 
by ordinary radiation. The dimensions of D depend on the value of the equation of state 
parameter u. Note, in the classical limit (/?, ^ 0), a — > (the FRW Hawking radiation 
effect turns off) and (IT^ gives the well known form p cx a"^^^'*"'^-* for a Universe dominated 
by ordinary matter with an equation of state p = up. 



There are two hmits of (fT^ : (i) aD ^ so that p ~ 4/(3a) = constant and the 
Hawking radiation effect dominates; (ii) ^ aD so that p D/a^ and the energy density 
is of a Universe dominated by ordinary radiation. In both cases (i) and (ii) one can say that 
the Universe is radiation dominated, but for case (i) this means FRW Hawking radiation 
while for case (ii) this means ordinary radiation. 

For case (i) where p ~ 4/(3q;) = constant one can insert this into the first Friedman 
equation in (jl]) and integrate to obtain 

a{t) oc e^* where H = -= f ^ lO^^sec"^ . (15) 

For this value of H the condition k^, which was assumed after (ITO!) . is valid so long 

as a is larger than the Planck size (e.g. for a ^ 100 x Ipi = 10~'^^m while from ( JTSl) ~ 10^° 
and ^ ~ 10*^^). Note that the assumption that ~ is justified a posterior since from ([6]) 
f^A^jj and during the inflationary phase H is approximately constant. 

Next, we look at case (ii) where p ^ D/a'^. This is just the case of a Universe dominated 
by ordinary radiation. Inserting this p into the first equation in (jH) and integrating gives 

a(t) ^ [-^^) t'^' , (16) 

which is the usual t^/^ power law expansion for a Universe dominated by ordinary radiation. 
Thus after the inflationary stage given by ( !T5|) there is a transition to a Universe dominated 
by ordinary radiation ( !T6|) . 

In summary our proposed FRW Hawking radiation mechanism for inflation gives rise 
to an effective negative pressure term in the energy density evolution equations f lTT]) and 
f ll2p . This leads to a modification of the energy density as a function of time given in (IT^ . 
Looking at limiting cases of ( IT^ we find that in the early Universe one has inflationary, 
exponential expansion f lTSj) which transitions to t^^^ power law expansion f lT6|) indicative of 
a Universe dominated by ordinary radiation. In this picture inflation is due to a quantum 
effect rather than being due to a scalar field with a tuned potential. 

Finally we speculate that this model for inflation may not only explain why inflationary 
expansion turns off, but also why it turns on. In discussions of black hole evaporation it 
has been suggested that near the end stages of evaporation, when the black hole approaches 
the Planck scale, that Hawking radiation may stop. One concrete example of this is the 
scenario in non-commutative geometry Q where the Hawking temperature and evaporation 



rate go to zero as the black hole shrinks past some small cut-off length. Similarly, for a 
FRW space-time one can speculate that the associated FRW Hawking radiation might be 
turned off when it is smaller than some cut-off scale. Only when the size of the FRW 
Universe enlarges past this cut-off size will the FRW Hawking radiation, and the associated 
exponential expansion given in (IT^ . turn on. 
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